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HIGHLIGHTS 


►  Thin  films  of  vanadium  oxide  were  prepared  by  layer-by-layer  deposition. 

►  Film  growth  were  analyzed  by  kinetic  and  isothermal  approaches. 

►  Good  initial  capacity  were  obtained  in  organic  solvent  and  ionic  liquid  electrolytes. 

►  Better  capacity  retention  was  obtained  in  ionic  liquid  electrolyte. 
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Nanostructured  thin  films  of  a  mixed-valence,  layered  vanadium  oxide  were  prepared  using  layer-by- 
layer  deposition.  The  thin  films  were  characterized  by  electronic  (UV— vis)  spectroscopy,  quartz  crystal 
microbalance,  profilometry  and  scanning  electron  microscopy  techniques.  The  highest  charge  capacity 
was  obtained  for  films  that  consisted  of  25  bilayers.  The  electrochemical  characterization  of  the  films  was 
performed  in  conventional  organic  solvent  and  ionic  liquid  (IL)  based  electrolytes.  The  results  revealed 
better  performance,  in  terms  of  stability  during  consecutive  charge/discharge  cycles,  when  ILs  were 
employed.  This  can  be  attributed  to  several  factors,  including  reduced  mechanical  stress  caused  by 
insertion  of  more  than  1  mol  of  Li+  per  mol  of  V5+  in  the  film  structure,  decrease  of  crystallinity  in  the 
electrode  material  during  the  first  few  charge/discharge  cycles  and/or  formation  of  a  more  compatible 
SEI.  Nanostructured  thin  films  of  layered  vanadium  oxide  prepared  using  layer-by-layer  deposition 
showed  potential  for  applications  in  lithium  microbatteries. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Due  to  their  high  voltage  and  energy,  Li-ion  batteries  are  the 
most  commonly  used  power  supplies  for  portable  electronic 
equipment  such  as  laptops  and  cell  phones  [1].  The  expansion  of 
applications  in  new  fields  such  as  microelectronics,  telecommuni¬ 
cation,  medical  implants,  the  military  industry  and  radio  frequency 
identification  (RFID),  have  motivated  the  development  of  ever- 
smaller  devices  for  energy  storage  and  conversion,  the  so-called 
microbatteries. 
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Lithium  microbatteries  are  solid  state  systems  in  which  compo¬ 
nents  are  stacked  in  a  cell  that  is  few  micrometers  thick  [2].  Because  of 
these  size  constraints,  many  studies  have  focused  on  the  development 
of  thin  films  as  electrode  materials  [3].  However,  miniaturization 
results  in  poor  charge  capacity  when  the  films  are  prepared  through 
conventional  deposition  techniques,  where  the  amount  of  electro¬ 
active  material  available  for  Li+  intercalation  is  low.  To  obtain  a  thin 
film  with  suitable  charge  capacity,  it  is  necessary  to  develop  materials 
with  higher  surface  areas,  which  can  be  accomplished  with  nano¬ 
structured  architectures.  Several  publications  have  reported  the  use 
of  nanostructured  films  as  cathodes  for  Li-ion  batteries  [4-13  ],  which 
showed  promising  results  in  this  application. 

In  this  work,  nanostructured  thin  films  were  prepared  from 
nanoparticles  of  mixed-valence,  layered  hydrated  vanadium  oxide, 
Vio024-9H20.  Vanadium  oxide,  together  with  manganese  oxide 
[14-24],  is  promising  substitutes  to  the  common  used  LiCo02, 
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which  presents  safety  issues  and  high  cost.  Particularly,  vanadium 
oxide  performance  can  be  improved  by  the  use  of  hydrated  struc¬ 
tures,  which  increase  the  distance  between  the  oxide  layers,  facil¬ 
itating  Li+  intercalation  [25]. 

The  nanoparticles  were  immobilized  by  the  simple  and  low  cost 
layer-by-layer  deposition  technique,  using  polyallylamine  (PAH)  as 
the  polycation.  The  protonated  amino  groups  from  PAH  interact 
with  oxygen  atoms  from  vanadyl  groups,  shielding  the  interaction 
with  Li+,  facilitating  their  diffusion  through  the  film  structure  [26]. 
Moreover,  the  vanadium  oxide  employed  in  this  study  presents  an 
unusual  mixed-valence  bariandite  layered  structure  as  it  is  possible 
to  observe  in  a  previous  contribution  from  some  of  us  [27]  and 
preliminary  studies  showed  its  potential  for  use  as  cathode  in  Li-ion 
batteries. 

Electrochemical  characterization  was  performed  in  conven¬ 
tional  organic  solvent-  and  ionic  liquid-based  electrolytes.  Ionic 
liquids  are  salts  consisting  of  voluminous  cations  and  asymmetric 
anions  with  delocalized  charge  distributions,  giving  rise  to  liquid 
substances  [28].  Their  unique  properties,  such  as  high  conductivity, 
negligible  volatility/flammability  and  high  chemical  and  electro¬ 
chemical  stabilities,  qualify  them  as  promising  alternatives  to 
volatile  organic  solvents  as  electrolytes  [29,30].  There  have  been 
only  a  few  studies  of  the  electrochemical  performance  of  vanadium 
oxides  in  ionic  liquid-based  electrolytes  [31-33];  the  promising 
results  encouraged  additional  studies  in  this  field.  Besides,  the  ionic 
liquid  chosen  for  this  study,  1 -butyl-2, 3-dimethylimidazolium 
bis(trifluoromethylsulfonyl)imide  ([BMMI][Tf2N]),  is  stable  against 
metallic  lithium  [34]  allowing  the  use  of  this  metal  as  anode. 


2.  Experimental 

2  A.  Chemicals 

All  reactants  for  thin  film  preparation  and  characterization  - 
PAH,  mercaptoundecanoic  acid  (MUA),  poly(- 
diallyldimethylammonium  chloride)  (PDDA),  lithium  perchlorate 
(LiClCH),  propylene  carbonate  (PC)  and  lithium  tri- 
fluoromethanesulfonate  (LiCFsSOs)  -  and  for  ionic  liquid  synthesis 
—  1,2-dimethylimidazole,  butyl  bromide  and  lithium  bis(tri- 
fluoromethanesulfonyl)imide  (LiTf2N)  -  were  purchased  from 
Aldrich  and  used  as  received.  The  ionic  liquid  synthesis  was 
described  in  previous  work  [34]. 


2.2.  Instrumental 

Suspensions  of  vanadium  oxide  nanoparticles  (NPs)  were 
prepared  with  an  ultrasonic  probe  from  Sonics-Vibracell. 
Morphological  characterization  was  carried  out  by  field  emission 
scanning  electron  microscopy  (FESEM)  with  a  Jeol  microscope, 
model  JSM-7401F.  The  film  thickness  was  measured  with  a  Dektak 
3  profilometer.  Thin  film  growth  was  monitored  by  UV-vis  spec¬ 
troscopy  with  an  HP  8452A  instrument  and  a  quartz  crystal 
microbalance  (QCM),  equipped  with  a  6  MHz  AT-cut  overtone 
polished  piezoelectric  quartz  crystal  (Valpey-Fisher)  with  a  diam¬ 
eter  of  25  mm  and  a  piezo-active  electrode  area  of  0.31  cm2 
(integral  sensitivity  factor,  I<  =  6.45  x  107  cm2  Hz  g-1  [35]).  Both 
sides  of  the  quartz  electrode  were  treated  with  chromium  to 
improve  the  adhesion  of  gold  to  the  quartz.  Then,  multilayered 
films  were  deposited  on  the  quartz/Au  electrode.  Frequency  shifts 
during  film  formation  were  measured  with  a  Stanford  Research 
Systems  Model  SR620  instrument  connected  to  an  oscillating 
circuit  (serial  mode)  and  a  microcomputer  for  data  acquisition. 


2.3.  Layer-by-layer  deposition  ofVw024-9H20  thin  films 

The  NPs  were  prepared  according  to  a  procedure  described 
elsewhere  [27].  Briefly,  the  vanadium(IV)  alkoxide  precursor, 
[V2(OPr1)g]  (Pr1  =  isopropyl)  [36],  was  submitted  to  sol-gel  pro¬ 
cessing  at  55  °C  for  50  h,  and  the  product  was  isolated,  washed  and 
dried  at  55  °C  for  12  h.  The  NPs  were  suspended  in  water  by 
immersing  an  ultrasonic  probe  in  the  suspension;  different  dura¬ 
tions  of  ultrasonic  frequency  were  tested  to  obtain  the  most  suit¬ 
able  suspension  for  preparing  the  films.  Layers  were  deposited  by 
alternately  immersing  substrates  into  NPs  suspensions  and 
a  10  mg  mL-1  aqueous  solution  of  PAH  at  pH  =  3.  The  immersion 
times  were  fixed  at  10  min  for  PAH  and  defined  by  UV-vis 
measurements  for  NPs  suspensions.  Two  different  substrates 
were  used:  glass  slides  coated  with  indium  tin  oxide  (ITO  -  resis¬ 
tance  below  20  Q  from  Delta  Technologies)  and  a  quartz  crystal 
(described  in  Section  2.2),  which  was  pre-treated  (12  h  in  MUA 
5  mmol  L-1  in  ethanol,  followed  by  10  min  in  PDDA  2  mmol  L  1  at 
pH  =  12)  prior  to  deposition.  The  substrate  was  washed  with  water 
and  dried  with  N2  between  depositions.  Each  sequence  (PAH-wash- 
NPs-wash)  produced  a  bilayer.  The  UV-vis  and  QCM  methods  were 
used  to  monitor  the  growth  of  bilayers  on  ITO-coated  glass  and 
quartz  crystal  substrates,  respectively.  Sauerbrey’s  equation  was 
used  to  convert  frequency  shifts  into  mass  values  [37].  The 
morphology  of  the  thin  films  was  characterized  by  FESEM,  and  their 
thickness  was  measured  by  profilometry. 

2.4.  Electrochemical  characterization 

Electrochemical  characterization  was  performed  under  argon 
atmosphere  in  a  glove  box  from  MBraun  with  02  and  H20  levels 
below  1  ppm.  The  chamber  was  connected  to  an  Autolab  poten- 
tiostat,  model  PGSTAT  30.  Cyclic  and  linear  voltammetry  scans  were 
performed  using  thin  films  on  ITO  substrates.  Metallic  lithium  was 
used  for  both  counter  and  reference  electrodes.  The  electrolytes 
were  0.5  mol  L-1  LiC104  solution  in  PC  and  0.03  mol  L-1  LiCF3S03 
solution  in  [BMMI][Tf2N]. 

3.  Results  and  discussion 

3 A.  Layer-by-layer  formation  ofVw024-9H20  thin  films 

Before  LBL  techniques  were  used  to  deposit  NPs,  different 
concentrations  of  vanadium  oxide  NPs  and  various  durations  of 
ultrasonic  radiation  at  15  W  were  tested.  The  stability  of  the 
resulting  suspensions  was  studied  with  UV-vis  measurements  at 
different  times  after  their  preparation.  Based  on  the  results,  the 
sonication  time  was  set  at  30  min,  which  yielded  stable  suspensions 
at  concentrations  up  to  0.5  g  L-1.  The  deposition  of  NPs  through  the 
LBL  deposition  did  not  take  place  when  freshly  prepared  suspen¬ 
sions  were  used.  Instead,  it  was  possible  to  deposit  growing 
amounts  of  NPs,  employing  the  same  immersion  time,  over 
subsequent  days  after  suspension  preparation.  Maximum  deposi¬ 
tion  was  achieved  20  days  after  suspensions  were  prepared.  At  this 
point,  the  suspension  is  opaque  instead  of  transparent  (as  observed 
after  they  were  prepared).  According  to  previous  studies,  NPs 
consist  of  two  dimensional  superimposed  (300  x  50  x  1 )  nm  layers 
with  bariandite  structure.  Ultrasonic  radiation  separates  (exfoli¬ 
ates)  these  layers  and  forms  transparent  suspensions  of  NPs.  It  is 
believed  that  these  layers  are  strongly  solvated,  and  because 
solvation  enthalpy  is  probably  more  energetically  favorable  than 
the  entropic  gain  due  to  desolvation  [38],  deposition  does  not  take 
place  at  this  point. 

However,  as  long  as  the  layers  re-aggregate,  the  entropic  gain 
contribution  becomes  more  important  than  the  solvation  enthalpy 
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and  makes  it  possible  for  deposition  to  occur.  The  LBL  deposition 
was  carried  out  20  days  after  the  suspensions  were  prepared,  at  the 
NPs  concentrations  and  immersion  times  that  were  optimized  with 
UV-vis  measurements.  Fig.  la  shows  the  absorbance  of  the  first 
layer  deposited  on  an  ITO  substrate  as  a  function  of  the  immersion 
time  at  different  NPs  suspension  concentrations. 

The  curves  revealed  that  deposition  is  very  fast  at  the  beginning 
of  the  experiments  (approximately  the  first  2  min)  and  tends  to 
reach  a  plateau  after  10  min.  The  final  film  absorbance  is  greater  for 
higher  initial  NPs  suspension  concentrations,  which  can  be 
explained  based  on  the  mass  gradient  pressure  that  acts  as  a  driving 
force  to  transfer  species  from  bulk  solution  to  the  surface  of 
substrate.  Based  on  these  results,  suspension  concentration  for  thin 
film  preparation  was  set  at  0.5  g  L-1.  Fig.  lb  shows  the  absorbance 
of  films  deposited  from  0.5  g  IT1  suspensions  over  ITO  substrates  as 
a  function  of  immersion  time  for  different  numbers  of  bilayers.  The 
data  were  normalized  by  the  absorbance  of  the  former  bilayer. 
These  curves  show  that  deposition  over  previously  deposited 
material  followed  the  same  behavior  as  for  the  first  layer  deposited 
over  the  bare  substrate.  These  results  also  showed  that  a  higher 
quantity  of  NPs  was  deposited  with  increasing  numbers  of  bilayers, 
which  can  be  attributed  to  increasing  film  roughness.  The  kinetics 
of  the  adsorption  process  were  studied  by  fitting  the  absorbance 
versus  time  curves  with  a  pseudo-second  order  kinetic  model 
(equation  (1))  [39],  which  is  accepted  widely  for  adsorption  reac¬ 
tions  [40]: 


A 


KAgt 

(t)  “  1  +KAet 


(1) 


In  (1 ),  A(t)  is  the  absorbance  at  a  given  time,  t;  I<  is  the  adsorption 
kinetics  constant  and  Ae  is  the  absorbance  at  equilibrium.  This 
model  fits  the  experimental  data  very  well,  with  R 2  >  0.95  for  all 
concentrations  and  numbers  of  bilayers.  The  adsorption  followed 
the  same  behavior  independent  of  suspension  concentration  and 


Fig.  1.  Normalized  absorbance  at  400  nm  as  a  function  of  immersion  time  on  ITO  (a)  in 
NP  suspensions  of  different  concentrations:  0.025  g  L-1  (•),  0.25  g  L-1  (□)  and 
0.5  g  L_1  ( ▲ );  and  (b)  0.5  g  L-1  suspension  and  different  numbers  of  bilayers:  1  ( • ),  10 
(O),  18  (■),  26  (□)  and  40  (a)  bilayers.  Initial  absorbances  for  1  bilayer:  0.1356;  10 
bilayers:  0.2630;  18  bilayers:  0.4616;  26  bilayers:  0.7517;  40  bilayers:  1.1349. 


Table  1 

Equilibrium  constant  ( I< )  and  equilibrium  factor  ( Rw )  calculated  from  equations  (1) 
and  (2),  respectively,  for  the  first  layer  deposited  from  different  suspension 
concentrations. 


NPs  suspension  []  g  L  1 

I< 

Qeq 

Rw 

0.01 

13.9 

0.005 

0.59 

0.25 

13.1 

0.013 

0.56 

0.5 

7.9 

0.014 

0.49 

deposition  over  a  bare  substrate  or  an  existing  layer.  The  pseudo- 
second  order  model  assumes  that  the  rate  limiting  step  is  chemi¬ 
sorption,  which  involves  the  sharing  or  exchanging  of  electrons 
between  the  adsorbed  species  and  substrate  [41].  In  a  previous 
work  by  Alcantara  et  al.  [42],  the  deposition  of  CoFe204/PSS  films  by 
LBL  was  observed  to  have  pseudo  first-order  behavior.  This  means 
that  deposition  conditions  affect  deposition  mechanism.  In  fact,  in 
the  contribution  of  Alcantara  et  al.,  very  low  suspension  concen¬ 
trations  have  been  employed  (from  2  x  10-5  to  2  x  10-4  g  L-1) 
when  compared  with  the  ones  from  the  present  work.  In  the 
present  work,  fitting  the  experimental  data  with  a  pseudo  first 
order  model  resulted  in  poor  fits  with  low  R2  values. 

The  equilibrium  factor  ( Rw ),  which  is  a  measure  of  how  close  the 
system  is  to  equilibrium  at  a  given  time,  was  calculated  from 
equation  (2)  [40],  where  tref  is  the  longest  operation  time: 


Rw  1  +Kqetref  (2) 

The  values  of  the  equilibrium  constant  (JC),  adsorbed  concen¬ 
tration  at  equilibrium  ( qe )  and  equilibrium  factor  (ftw),  as  functions 
of  suspension  concentration  and  number  of  bilayers,  are  listed  in 
Tables  1  and  2,  respectively.  All  Rw  values  were  between  1  and  0.1, 
which  indicated  that  adsorption  is  approaching  equilibrium  at 
10  min  for  all  concentrations  [40].  Although  the  equilibrium  was 
not  reached  at  this  time,  the  immersion  time  was  set  at  10  min 
because  adsorption  was  too  slow  after  that  time;  in  fact,  Rw  only 
achieves  a  level  below  0.01,  in  which  adsorption  is  very  close  to 
equilibrium,  after  approximately  16  h  of  immersion,  with  no 
significant  improvement  in  the  amount  of  deposited  material. 

The  calculated  values  of  I<  and  qe  show  that  at  lower  concen¬ 
trations,  equilibrium  is  achieved  more  rapidly,  but  less  material  is 
deposited  at  equilibrium.  The  higher  the  suspension  concentration, 
the  longer  is  the  time  required  for  system  to  achieve  equilibrium 
and  the  higher  is  the  amount  of  deposited  material.  The  effect  of 
this  behavior  can  be  observed  in  the  plot  of  the  absorbance  at 
400  nm  (Fig.  2a)  and  mass  of  vanadium  oxide  (Fig.  2b)  as  function  of 
number  of  bilayers. 

According  to  Fig.  2,  film  growth  follows  exponential  behavior  for 
approximately  20  bilayers  and  tends  toward  linear  growth  in  the 
subsequent  bilayers.  This  behavior  is  in  agreement  with  the  kinetic 
studies:  when  the  first  bilayers  are  formed,  the  kinetic  constant  is 
higher  and  equilibrium  is  reached  readily;  consequently,  a  larger 
amount  of  material  is  deposited  with  an  increasing  number  of 


Table  2 

Equilibrium  constant  (I<)  and  equilibrium  factor  ( Rw )  calculated  from  equations  (1) 
and  (2),  respectively,  for  different  bilayers  deposited  from  0.5  g  L  1  suspension 
concentration. 


Bilayer 

I< 

Qeq 

Rw 

1 

7.9 

0.014 

0.49 

10 

2.9 

0.03 

0.53 

18 

2.4 

0.06 

0.41 

26 

1.4 

0.07 

0.50 

40 

0.4 

0.11 

0.69 
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Fig.  2.  (a)  Absorbance  at  400  nm  as  a  function  of  the  number  of  bilayers,  (b)  Mass  of 
vanadium  oxide  deposited  as  a  function  of  the  number  of  bilayers  obtained  by  QCM. 
Suspension  concentration:  0.5  g  L-1. 


bilayers.  However,  after  a  higher  number  of  bilayers  are  formed, 
despite  the  possibility  of  depositing  a  larger  amount  of  NPs,  the 
equilibrium  is  not  reached  rapidly,  and  the  rate  of  deposition 
decreases.  The  physical  explanation  for  this  behavior  comes  from 
the  fact  that  the  substrate  has  low  charge  density;  so  that,  a  lower 
amount  of  material  is  electrostatically  “attached”  to  the  substrate 
and  higher  amount  of  “charged  sites”  are  available  for  deposition  of 
the  subsequent  layer  [38].  This  behavior  is  clearly  observed  in 
Fig.  2a  and,  in  spite  of  the  lower  number  of  bilayers  employed,  the 
same  behavior  is  observed  when  film  growth  is  monitored  by  QCM 
(Fig.  2b). 

To  verify  the  stability  of  the  vanadium  oxide  film  during 
immersion  in  PAH  solution,  UV-vis  spectra  were  also  taken  after 
immersion  in  the  polycation  (results  not  shown):  absorbance 
decreases  approximately  13%  after  each  immersion  in  PAH,  which 
means  that  some  of  the  previously  deposited  NPs  are  lost  during 
polycation  deposition.  Thus,  it  was  not  possible  to  determine  the 
mass  by  QCM  measurements  of  deposited  PAH  because  the 
frequency  shift  before  and  after  immersion  in  the  PAH  solution 
corresponds  to  the  mass  of  PAH  minus  the  loss  of  NPs.  For  calcu¬ 
lations  of  the  mass  of  NPs  deposited  after  each  immersion,  the  13% 
loss  observed  from  UV— vis  measurements  was  used  and  the 
calculated  value  is  0.96  pg  cm-2  (the  average  value  obtained  for 
each  NPs  bilayer).  This  value  was  used  for  calculations  in  the 
electrochemical  characterization. 

The  adsorption  mechanism  was  studied  by  isothermal  methods, 
where  plot  of  equilibrium  absorbance  versus  NPs  suspension 
concentration  was  fit  with  two  different  models:  Langmuir  and 
Freundlich.  The  Langmuir  model  assumes  the  formation  of 
a  monolayer  of  adsorbed  material  on  the  substrate,  with  no  influ¬ 
ence  from  previously  adsorbed  species,  while  the  Freundlich  model 
is  applicable  to  systems  in  which  heterogeneous  adsorption  reac¬ 
tions  occur  and  lead  to  formation  of  multilayers.  Fig.  3  presents  the 
results  of  both  models;  the  Freundlich  model  gave  a  better  fit  to  the 
data.  Contrary,  in  the  contribution  of  Alcantara  et  al.  [42],  the 
experimental  data  fitted  better  with  Langmuir  model,  showing  that 


Fig.  3.  Fitting  of  absorbance  versus  NP  suspension  concentration.  Experimental  data 
( • ),  fitted  with  the  Freundlich  model  (black  line)  and  the  Langmuir  model  (gray  line). 

deposition  condition  affects  not  only  kinetic  mechanism  but  also 
the  adsorption  isotherm. 

FESEM  images  were  taken  from  films  with  different  numbers  of 
bilayers.  Fig.  4  shows  the  images  obtained  from  films  with  1,  8, 16 
and  32  bilayers.  With  8  bilayers,  the  substrate  was  not  fully  covered 
by  the  film;  with  16  bilayers  the  substrate  is  fully  covered  being 
possible  to  observe  a  nanostructured  and  uniform  deposit. 

The  thickness  of  a  25-bilayer  film  was  obtained  by  profilometry 
from  a  fracture  made  with  a  scalpel  in  the  multilayer  film.  The 
depth  was  measured  at  60  points  along  the  fracture,  and  the 
average  thickness  is  (171  ±  28)  nm,  corresponding  to  a  bilayer 
thickness  of  approximately  7  nm. 

3.2.  Electrochemical  characterization 

Although  an  electrical  connection  among  nanoparticles  in 
different  bilayers  is  possible  in  films  made  by  layer-by-layer 
deposition  [7],  it  was  necessary  to  verify  if  the  upper  bilayers 
maintain  this  electric  connection  because  PAH  is  an  insulator.  This 
verification  was  carried  out  with  linear  voltammetry  for  films  with 
different  numbers  of  bilayers  (Fig.  5). 

The  charge  density  was  calculated  by  integrating  the  current 
versus  time  curves;  it  increases  linearly  up  to  25  bilayers,  which 
means  that  the  electric  connection  is  maintained  among  the  NPs 
and  with  the  current  collector  until  this  number  of  bilayers. 
However,  increasing  the  number  of  bilayers  decreases  the  charge 
density  instead  of  keeping  it  constant,  which  was  unexpected.  This 
can  be  explained  from  the  fact  that  the  upper  layers  not  only  do  not 
participate  in  the  electrochemical  process,  but  also  act  as  a  barrier 
to  the  electrolyte,  preventing  it  from  reaching  the  electroactive 
portion  of  the  film.  With  this  result,  it  is  possible  to  define  the 
optimum  number  of  bilayers  as  25. 

Charge/discharge  behavior  was  studied  in  two  different  elec¬ 
trolytes:  LiClCH/PC  and  LiCF3S03/BMMITf2N.  The  anion  CF3S03_  is 
structurally  similar  to  the  commonly  used  Tf2N  and  was  used  due 
its  higher  ionic  conductivity  in  the  mixture  with  the  ionic  liquid  at 
the  concentration  employed  in  the  present  study.  Fig.  6  presents 
voltammetric  profiles  for  the  first  four  cycles  in  both  electrolytes. 

The  voltammogram  obtained  in  the  organic  solvent-based 
electrolyte  (Fig.  6a)  shows  well-defined  oxidation  (at  2.65  V  more 
intense  and  2.45  V  less  intense)  and  reduction  (at  2.55  V  more 
intense  and  2.84  V  less  intense)  peaks,  which  correspond  to 
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Fig.  4.  FESEM  images  taken  from  PAH/NPs  films  deposited  over  gold  substrates  with  (a)  1,  (b)  8,  (c)  16  and  (d)  32  bilayers. 


deintercalation  and  intercalation  of  Li+  into  the  vanadium  oxide 
structure,  respectively.  The  current  intensity  decreases  with 
cycling,  along  with  slight  shifts  of  the  peaks  to  less  positive 
potentials.  In  the  ionic  liquid-based  electrolyte  (Fig.  6b),  in  addition 
to  the  peaks  observed  in  the  carbonate  propylene  electrolyte,  one 
reduction  peak  at  2.94  V  is  also  observed,  but  only  in  the  first  cycle. 
The  peaks  are  also  well  defined  in  the  first  cycle,  however,  their 
enlargement  is  observed  in  the  subsequent  cycles,  suggesting  loss 
of  crystallinity  with  successive  Li+  intercalation/deintercalation  in 
the  film  structure  when  the  ionic  liquid  is  used  as  the  electrolyte. 
Loss  of  crystallinity  within  cycling  are  well  known  to  happen  when 
high  content  of  Li+  is  inserted  into  the  material  structure,  which  is 
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not  the  case  in  the  potential  range  adopted  for  the  present  study. 
However,  contrary  to  usual  organic  solvent  used  as  electrolytes, 
ionic  liquids  are  purely  composed  of  ionic  species  that  can  also 
participate  in  the  charge  compensation  during  the  oxidation/ 
reduction  processes  as  it  was  pointed  out  in  reference  [7].  As  the 
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Fig.  5.  Charge  density  calculated  from  linear  voltammograms  of  films  deposited  on  ITO 
substrates  with  different  number  of  bilayers.  Scan  rate:  2.5  mV  s-1;  electrolyte:  LiC104 
0.5  mol  L  1  in  PC;  counter  electrode  and  reference  electrodes:  Li  sheet;  pre-treatment: 
2.0  V  for  10  min;  and  range:  from  2.0  to  3.6  V. 


Fig.  6.  Cyclic  voltammetry  profiles  of  films  with  25  bilayers  deposited  on  ITO.  Scan 
rate:  0.1  mV  s-1;  counter  and  reference  electrodes:  Li  sheet;  pre-treatment:  3.6  V  for 
10  min;  electrolyte:  (a)  LiC104  0.5  mol  L_1  in  PC  and  (b)  LiCF3S03  0.03  mol  L-1  in 
BMMITf2N. 
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ions  from  ionic  liquids  are  bigger,  they  can  disturb  the  lattice 
parameters,  causing  the  loss  of  crystallinity  observed  in  the 
experiments. 

The  subsequent  cycles  does  not  cause  significant  changes,  at 
least  up  to  the  20th  cycle.  The  FESEM  images  of  the  films,  before 
and  after  cycling,  show  that  the  morphology  is  maintained,  with  no 
evidence  of  film  dissolution  or  agglomeration  of  particles  (Fig.  7). 

Discharge  capacity  values  were  calculated  by  integrating  the 
current  versus  time  profiles  over  20  charge/discharge  cycles  for 
both  electrolytes.  Fig.  8  presents  the  resulting  values  as  a  function 
of  the  number  of  cycles. 

Accordingly  to  the  obtained  results,  for  the  system  containing 
the  organic  solvent-based  electrolyte,  the  capacity  increases  during 
the  first  cycles  from  280  Ah  kg'1  to  320  Ah  kg'1,  but  continuous 
capacity  fading  is  observed  over  the  charge/discharge  cycles. 
Flowever,  for  the  system  containing  the  ionic  liquid-based  elec¬ 
trolyte,  the  capacity  initially  decreases  from  245  Ah  kg'1  to 
210  Ah  kg'1  during  the  first  three  cycles,  and  no  further  capacity 
fading  is  observed  during  subsequent  cycles. 

In  a  recent  contribution  from  Quinzeni  et  al.  [43  ],  thin  films  of  V2O5 
were  prepared  by  reactive  radio  frequency  magnetron  sputtering, 
a  technique  that  requires  a  high  vacuum  and  sophisticated  equip¬ 
ment.  The  resulting  films,  with  different  thicknesses,  were  electro- 
chemically  characterized  in  a  conventional  organic  solvent-based 
electrolyte,  and  showed  promising  results.  At  a  similar  discharge 
rate  (0.2  C)  and  greater  film  thickness  (320  nm)  than  that  employed  in 
the  present  work,  the  measured  initial  discharge  capacity  was 
approximately  140  mAh  g'1.  This  result  was  below  the  value  reported 
here  for  both  the  ionic  liquid-  and  organic  solvent-based  electrolytes. 

At  the  employed  potential  window,  the  intercalation  of  1  mol  of 
Li+  per  mol  of  V5+  occurs  when  one  considers  V2O5  [44].  In  the 
bariandite  oxide  structure,  the  formal  V5+/V4+  proportion  is  4:1.  If 
one  also  considers  insertion  of  1  mol  of  Li+  per  mol  of  V5+,  the 
calculated  theoretical  capacity  is  206  Ah  kg'1,  which  means  that 
more  than  1  mol  of  Li+  per  mol  of  V5+  intercalates  in  both  elec¬ 
trolytes  at  this  potential  range,  i.e.,  part  of  vanadium  is  being 
reduced  to  V3+. 

Previous  work  by  Le  et  al.  [45]  showed  that  the  potential 
window  for  intercalation  of  1  mol  of  Li+  per  mol  of  V5+  in  vanadium 
oxide  is  narrower  for  the  aerogel  structure  than  for  xerogels, 
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Fig.  8.  Discharge  capacity  calculated  from  cyclic  voltammograms  of  VO*  films  with  25 
bilayers  on  ITO.  Scan  rate:  0.1  mV  s-1;  counter  and  reference  electrodes:  Li  sheet; 
electrolytes:  LiC104  0.5  mol  L  1  in  PC  ( • )  and  LiCF3S03  0.03  mol  L-1  in  BMMITf2N  ( O ). 


showing  that  the  surface  area  influences  the  electrochemical 
performance  not  only  in  terms  of  amount  of  material  available  for 
Li+  intercalation  but  also  in  its  mechanism.  A  more  open  structure 
can  allow  intercalation  of  more  than  1  mol  of  Li+  per  mol  of  tran¬ 
sition  metal,  resulting  in  higher  capacity  relative  to  more  compact 
structures. 

Experiments  done  at  different  scan  rates  (not  shown)  have 
shown  that  at  rates  as  high  as  1  mV  s'1  and  10  mV  s'1,  the 
discharge  capacities  are  still  maintained  at  44%  and  37%  of  theo¬ 
retical  value  respectively  in  the  propylene  carbonate  based  elec¬ 
trolyte.  This  result,  together  with  the  fact  that  more  than  1  mol  of 
Li+  per  mol  of  V5+  is  involved  in  the  charge/discharge  process  at 
low  scan  rate,  shows  that  the  oxide  structure  employed  in  the 
present  work  is  open  enough  to  avoid  the  problems  related  with 
rate  capability  usually  present  in  vanadium  oxides  structures. 

Accordingly  to  a  previous  report  [46],  intercalation  of  more 
than  1  mol  of  Li+  per  mol  of  V5+  causes  structural  changes  and 
requires  more  positive  potentials  for  removal  of  extra  intercalated 


Fig.  7.  FESEM  images  of  films  with  25  bilayers  deposited  on  ITO  (a)  before  cycling,  (b)  after  20  voltammetry  cycles  in  LiCF3S03  0.03  mol  L  1  in  BMMITf2N  and  (c)  after  20  cycles  in 
LiC104  0.5  mol  L-1  in  PC.  Scan  rate:  0.1  mV  s_1;  and  counter  and  reference  electrodes:  Li  sheet. 
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Fig.  9.  xLi+  inserted  in  NP  films  as  a  function  of  applied  potential  in  the  first  cyclic 
voltammetry  cycle.  Scan  rate:  0.1  mV  s-1;  counter  and  reference  electrodes:  Li  sheet; 
electrolytes:  LiC104  0.5  mol  L_1  in  PC  (-)  and  LiCF3S03  0.03  mol  L-1  in  BMMITf2N  (•). 

Li+,  which  leads  to  capacity  fading.  In  the  present  study,  for  the 
system  containing  the  organic  solvent-based  electrolyte,  after 
initial  capacity  increase  during  the  first  cycles,  continuous  capacity 
fading  is  observed  over  the  charge/discharge  cycles.  However,  for 
the  system  containing  the  ionic  liquid-based  electrolyte,  the 
capacity  initially  decreases,  but  no  further  capacity  fading  is 
observed  during  subsequent  cycles.  These  results  suggest  that,  in 
the  system  containing  the  organic  solvent  electrolyte,  capacity 
fading  is  caused  by  irreversible  Li+  intercalation  once  higher 
amount  of  the  cationic  specie  is  involved  in  charge  compensation 
process. 

Other  reasons  for  the  better  performance  of  the  system  con¬ 
taining  the  ionic  liquid-based  electrolyte  can  be  attributed  to  the 
decrease  in  the  crystallinity  of  the  electroactive  material,  which 
ensures  that  there  is  less  mechanical  stress  with  successive  Li+ 
insertion/deintercalation  [47]  and  protects  the  cathode  from 
discharge  capacity  loss  caused  by  irreversible  structural  changes 
[48].  In  fact,  the  enlargement  of  voltammetry  peaks  with  cycling  is 
an  evidence  of  loss  of  crystallinity  when  the  ionic  liquid  electrolyte 
was  used.  Additionally,  formation  of  a  more  stable  SEI  in  ionic 
liquids  prevents  film  dissolution,  as  noted  by  Dou  et  al.  [33],  who 
observed  better  performance  in  terms  of  discharge  capacity  of 
a  vanadium  oxide  composite  with  polypyrrole  in  an  ionic  liquid- 
based  electrolyte.  However,  in  terms  of  stability  over  several 
charge/discharge  cycles,  the  performance  of  the  system  described 
by  Dou  et  al.  was  better  in  the  organic  solvent-based  electrolyte. 

If  one  considers  that  capacity  fading  is  caused  by  irreversible 
intercalation  of  Li+,  the  intercalation  of  extra  Li+  into  the  structure 
should  be  prevented  to  produce  a  more  stable  system  in  conven¬ 
tional  organic  solvents,  which  means  that  the  potential  window 
should  be  reduced,  resulting  in  lower  capacity  density.  In  the  first 
charge/discharge  cycle  in  ionic  liquid-based  electrolyte,  there  is 
intercalation  of  approximately  1.2  mol  of  Li+  per  mol  of  V5+.  To 
maintain  the  same  amount  of  Li+  in  the  charge/discharge  process  in 
both  electrolytes,  the  potential  window  of  the  system  containing 
the  organic  solvent  should  be  decreased  in  0.2  V  as  it  possible  to 
observe  in  Fig.  9. 

As  system  performance  depends  not  only  on  charge  capacity  but 
also  on  the  potential  window,  this  reduction  would  decrease  the 
performance  by  25%  in  terms  of  energy  density.  With  the  ionic 
liquid-based  electrolyte,  it  is  possible  to  maintain  the  system 
stability  in  a  wider  potential  window,  resulting  in  higher  energy 
density. 


4.  Conclusions 

The  construction  of  nanostructured  thin  films  of  V10O24  9H2O 
through  layer-by-layer  deposition  technique  has  been  systemati¬ 
cally  studied  by  UV-vis,  QCM  and  linear  voltammetry,  being 
possible  to  optimize  the  conditions  for  obtention  of  the  most 
suitable  system. 

The  obtained  film  presented  good  electrochemical  performance 
in  both  conventional  organic  solvent-  and  ionic  liquid-based  elec¬ 
trolytes,  being  better,  in  terms  of  stability  during  consecutive 
charge/discharge  cycles,  with  the  ionic  material.  This  result  can  be 
attributed  to  several  factors:  reduction  in  the  mechanical  stress 
caused  by  insertion  of  more  than  1  mol  of  Li+  per  mol  of  V5+  in  the 
film  structure,  decrease  in  the  crystallinity  of  the  electrode  material 
in  the  first  charge/discharge  cycle  and/or  formation  of  a  more 
compatible  SEI.  In  summary,  results  obtained  with  the  system 
containing  the  LBL  thin  film  and  ionic  liquid  based  electrolyte  are 
promising  for  microbatteries  application. 
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